1. Our understanding of the ecology of sharks and other highly mobile marine species often relies on 26 fishery-dependent data or extractive fishery-independent techniques that can result in catchability and 27 size-selectivity biases. Pelagic Baited Remote Underwater stereo-Video systems (pelagic stereo-28 BRUVs) provide a standardised, non-destructive and fishery-independent approach to estimate 29 biodiversity measures of fish assemblages in the water column. However, the performance of this 30 novel method has not yet been assessed relative to other standard sampling techniques. 31 2. We compared the catch composition, relative abundance and length distribution of fish assemblages 32 sampled using pelagic stereo-BRUVs and conventional scientific longline surveys. In particular, we 33 focused on sharks of the family Carcharhinidae (requiem sharks) to assess the sampling effectiveness 34 of this novel technique along a latitudinal gradient off the coast of Western Australia. We calibrated 35 the sampling effort required for each technique to obtain equivalent samples of the target species and 36 discuss the advantages, limitations and potential use of these methods to study highly mobile species. However, the relative abundance estimates (catch per unit of effort) from the pelagic stereo-BRUVs 42 were comparable to those from 5 to 30 longline hooks. 43 4. Pelagic stereo-BRUVs can be calibrated to standard techniques in order to study the species 44 composition, behaviour, relative abundance and size distribution of highly mobile fish assemblages at 45 broad spatial and temporal scales. This technique offers a non-destructive fishery-independent 46 approach that can be implemented in areas that may be closed to fishing, and is suitable for studies on 47 rare or threatened species. 48 49 3
Introduction 70
Emerging technologies are providing new options for cost-effective ecological sampling. These 71 technical advances dramatically increase the opportunities for in situ ecological and behavioural 72 research in vast and remote environments such as the open ocean (Murphy & Jenkins 2010) . 73
However, in order to understand the potential of novel techniques it is necessary to compare and 74 calibrate them against traditional methods. 75
Studying the ecology and assessing the status of sharks is challenging due to their generally high 76 mobility, ontogenetic shifts in habitat preference and broad geographic range (Dulvy et al. 2008 ). Our 77 understanding on the biology and ecology of sharks and other highly mobile marine species largely 78 relies on fishery-dependent data from commercial and recreational fisheries (Myers & Worm 2003) . 79
The use of fishery-dependent data alone can lead to sampling biases due to gear selectivity and 80 heterogeneous fishing effort that discriminate among species and habitats (Simpfendorfer et al. 2002 ; 81 6 been used to assess pelagic fish assemblages (Santana-Garcon, Newman & Harvey 2014) but their 121 performance has not been assessed relative to other sampling techniques. 122
The present study aims to compare the catch composition, relative abundance and length distribution 123 of fish sampled by pelagic stereo-BRUVs and conventional scientific longlines. The sampling effort 124 required for each technique to obtain equivalent relative abundance samples is determined for each of 125 the target species. In particular, surveys were conducted along a latitudinal gradient off the coast of 126
Western Australia to target sharks of the family Carcharhinidae, commonly known as requiem sharks. 127
Given that longlines used large hooks to target sharks, we hypothesised that the methods would differ 128 in total catch composition with pelagic stereo-BRUVs providing data on a broader range of species. 129
However, we expect that both methods would generate comparable estimates of relative abundance 130 and length distribution for the targeted shark species. Finally, the advantages and limitations of 131 pelagic stereo-BRUVs and scientific longline surveys to study highly mobile species are discussed. 132
Methods

133
SAMPLING TECHNIQUE 134
We conducted a longline and pelagic stereo-BRUVs survey in August 2012 at 10 sites over 950 km 135 along the coastline of Western Australia (Fig. 1 ). Sites were 15 to 80 km offshore at depths ranging 136 between 35 and 106 metres, although most sites were 40 to 60 metres deep. Data were recorded from 137 31 pelagic stereo-BRUVs and 31 scientific longline deployments targeting requiem sharks. Three 138 replicate deployments of each method were conducted simultaneously at each site, with the exception 139 of one site in the Houtman Abrolhos Islands where four replicates of each technique were undertaken. 140
The number of replicates for each method was limited by logistical constraints of this research 141 expedition. During deployment, both methods were interspersed following a straight line with a 142 separation of at least one kilometre between deployments of either method to avoid or minimize 143 potential overlap of bait plumes and, to reduce the likelihood of fish moving between replicates. 144
Scientific longline surveys 145
Scientific longline surveys were conducted as part of the annual shark monitoring and tagging 146
program of the Department of Fisheries (Western Australia). Surveys were designed to target requiem 147 sharks. The longlines were 500 m in length and comprised ~50 J-shaped hooks of size 12/0 baited 148 with Sea Mullet (Mugil cephalus; half a fish per hook) and attached to the main line via 2 m metal 149 snoods (Fig. 2a) . Lines were designed to hold hooks approximately 8 metres above the seafloor. 150
However, hooks near the ballast remained closer to the bottom; this was confirmed during retrieval as 151 fragments of benthos such as sponges were occasionally caught (Santana-Garcon pers. obs.). 152
Longlines were set before dawn at ~5 am and soak time ranged between 2.5 and 6 hours, depending 153 on the time required for retrieval and processing of the catch. Upon retrieval, all individuals caught 154 were identified to the species level and their fork length (FL) was measured. Catch per unit of effort 155 (CPUE), a measure of abundance where catch is standardised across deployments of different 156 sampling effort, was calculated as the catch of each longline divided by the soak time (hours) and the 157 number of hooks used. In the present study, we defined CPUE10 as the catch per hour per 10 hooks as 158 a measure to facilitate comparison between methods (the number of hooks was chosen on the basis of 159 results presented herein). 160
Pelagic stereo-BRUVs 161
Pelagic stereo-BRUVs were adapted to match the deployment characteristics of longlines so that both 162 methods sampled at similar depths, for equal periods of time and using the same bait. During the 163 deployment of pelagic stereo-BRUVs, cameras were placed in the mid-water, approximately 8 to 10 164 metres above the bottom (Fig. 2b) . This technique uses ballast and sub-surface floats in order to 165 anchor the systems, enabling control over the deployment depth and reducing movement from surface 166 cameras. As for longlines, camera deployments were set before dawn, at 5 am in the morning, and 171 soak time ranged between 2.5 and 6 hours depending on the time required for longline retrieval. 
VIDEO ANALYSIS 178
Stereo-camera pairs were calibrated before and after the field campaign using CAL software (SeaGIS 
STATISTICAL ANALYSIS 194
Comparison of catch composition 195
Differences in species composition between scientific longlines and pelagic stereo-BRUVs were 196 tested using one-way univariate permutational analysis of variance (PERMANOVA; Anderson, 
Catch comparison along a latitudinal gradient 209
The ability of the two methods to describe spatial patterns along a latitudinal gradient (32° to 24° S) 210 was compared. For each of the target species, a one-way analysis of covariance (ANCOVA) was 211 conducted with method as a factor and latitude as a covariate. A significant interaction between 212 latitude and method would indicate that the methods were not comparable across the latitudinal range. 213
Analyses were based on Euclidean distance resemblance matrices calculated from arc sine 214 transformed proportional data. Statistical significance was tested using 9,999 permutations of 215 residuals under a reduced model. 216
Equivalence of sampling effort 217
For the target species, the equivalent longline and pelagic stereo-BRUVs sampling effort was 218 determined by performing a series of statistical tests on the abundance estimates obtained from 219 BRUVs (MaxN per hour) and from a range of longline effort data sets (1-50 hooks). Random samples 220 of our data were taken with replacement and the differences between methods were tested using 221 univariate PERMANOVAs based on Euclidean distance resemblance matrices of the raw CPUE data, 
Comparison of length distributions 233
For the target species, length distributions obtained from pelagic stereo-BRUVs and longline surveys 234 were compared using kernel density estimates (KDE). The KDE method is sensitive to differences in 235 in the video were not included in the species count or in the analyses. Teleost species were almost 253 exclusively sampled by pelagic stereo-BRUVs, while the semi-pelagic sharks were sampled by both 254 methods (Fig. 3) . Due to the deployment design of longlines, a proportion of the hooks adjacent to the 255 ballast were set close to the bottom and, consequently, benthic sharks were almost exclusively 256 sampled by this method. For each of the target species, there was no significant difference in the proportion sampled by either 264 method (P > 0.05; Fig. 4 ). The sandbar shark C. plumbeus was the most abundant species for both 265 methods followed by Carcharhinus spp* (Figs. 3 and 4) . Using pelagic stereo-BRUVs, the third and 266 fourth most abundant species were G. cuvier and C. limbatus/tilstoni, whereas with longlines these 267 species were the fourth and third most abundant respectively. Rhizoprionodon acutus was the least 268 abundant and it was rarely recorded by either method. 269
Catch comparison along a latitudinal gradient 270
Pelagic stereo-BRUVs and scientific longline surveys showed similar patterns of abundance for all 271 target species along the 950 km latitudinal gradient (Fig. 5) . The ANCOVA revealed no significant 272 interaction between method and latitude for any of the target species (P > 0.05). The species 273
proportional abundance did not differ significantly between methods whereas latitude had a 274 significant effect on the distribution of C. plumbeus with a greater abundance present in the northern 275 sites (Table 1) . Rhizoprionodon acutus and C. limbatus/tilstoni also showed a significant effect of 276 latitude in their distribution as they were only recorded north of Shark Bay, the most northern 277 sampling sites (~24° S). Although strong patterns were apparent for G. cuvier and the species 278 complex (Carcharhinus spp*), there was no significant effect of latitude or method. 279
Equivalence of sampling effort 280
PERMANOVA tests on bootstrapped CPUE data and a range of sampling efforts indicated that the 281 relative abundance of requiem sharks obtained from each camera system (MaxN per hour) is 282 statistically comparable (P > 0.05) to a sample obtained from 5 to 30 hooks with similarities peaking 283 at 12 hooks (Fig. 6 ). This range of effort equivalence for requiem sharks is largely driven by C. 284 plumbeus, the most abundant species in this study. The range of equivalence varied among species, 285 for C. plumbeus effort equivalence ranged between 3 and 30 hooks, with similarities peaking at 10 286
hooks. Carcharhinus spp* and G. cuvier showed no significant difference between methods when 287
MaxN per hour was compared to the catch of 1 to 50 hooks but similarities peaked at 24 and 21 288 hooks, respectively. Results for C. limbatus/tilstoni and R. acutus were inconclusive due to the low 289 abundance recorded with both techniques. 290
Precision estimates of pelagic stereo-BRUVs and scientific longline surveys were similar for the 291
Carcharhinidae family, C. plumbeus, G. cuvier and C. limbatus/tilstoni (Table 2). For Carcharhinus 292
spp* and R. acutus, estimates obtained from longline surveys were more precise. Note that, as the 293 values of p decrease, the precision of the sampling technique improves. We found that both 294 techniques were considerably less precise at sampling uncommon species compared to the more 295 abundant species. Precision values of 1 indicate that individuals of that species were only recorded in 296 one deployment. 297
Comparison of length distributions 298
There were no significant differences in the shape of the length distributions sampled with both 299 methods for the family Carcharhinidae and, at the species level, for C. plumbeus, Carcharhinus spp* 300 and G. cuvier. However, there were significant differences in the location (i.e. mean length) of the13 length distributions for the Carcharhinidae and, at the species level, for C. plumbeus. For these taxa, 302 longline surveys were more selective of larger individuals (Table 3, Fig. 7 ). Standard error bands are 303 wide for those species with small sample sizes; therefore the interpretation of the results should be 304 undertaken with caution. 305
Discussion 306
We demonstrated that pelagic stereo-BRUVs provide an alternative non-lethal method of sampling 307 sharks that can be calibrated with standard methods such as scientific longline surveys. The 308 proportion of Carcharhinidae species sampled by pelagic stereo-BRUVs and scientific longline 309 surveys was comparable across the study. Pelagic stereo-BRUVs provided a comparable estimate of 310 Carcharhinidae species that is proportional to longline surveys, whilst also providing abundance 311 information on other teleost species that were not targeted or captured by longlines due to the 312 selectivity of the hooks. Longlines sampled a greater proportion of benthic shark species due to the 313 deployment design that set hooks adjacent to the ballast in close proximity to the benthos. 314
The species composition of the Carcharhinidae between the two methods was also consistent across a 315 broad latitudinal gradient. These findings support previous studies that define baited video techniques 316 as a suitable, standardised and non-extractive approach to study the distribution of mobile species 317 across broad spatial scales (Langlois et al. 2012b; White et al. 2013 ). In the current study, C. 318 plumbeus was the most abundant requiem shark species captured by both sampling methods. It was 319 recorded throughout the study area, but in greater numbers at the northern sites. Galeocerdo cuvier 320 and the Carcharhinus spp* complex also occurred throughout the study area, and showed no 321 significant pattern along the latitudinal gradient for either method. Carcharhinus limbatus/tilstoni and 322 R.acutus were only recorded in the most northern sites. 323
Each pelagic stereo-BRUV system yielded equivalent relative abundance estimates for requiem sharks 324 to that of 5 to 30 hooks in scientific longlines. Effort equivalence between techniques peaked at 12 325 hooks for requiem sharks and, at the species level, effort equivalence peaked at 10, 21 and 24 hooks 326 for C. plumbeus, G. cuvier and C. spp*, respectively. Due to logistic constraints we could only deploy14 one camera system for every longline (50 hooks). Although the target species composition and 328 relative abundance derived from these techniques were comparable, in absolute terms longlines 329 caught a greater number of individuals of the target species (159) than those recorded at MaxN on 330 BRUVs (36). In addition, it should be noted that the methods differed in the area covered and in the 331 amount of bait used. Longline shots, with a length of 500 m each and more than 10 times the amount 332 of bait in the water, have a greater ability to attract or encounter fish than a single baited camera 333 system (Brooks et al. 2011) . Thus, increasing sampling effort of the non-extractive pelagic stereo-334
BRUVs to approximately one camera deployment for every 10 to 24 hooks is recommended to exert a 335 sampling effort equivalent to the commonly used scientific longline surveys. 336
Precision estimates for both techniques were similar at family level and for the most abundant target 337 species. Precision is most affected by sampling effort; thus increasing replication would rapidly 338 enhance sampling precision (Andrew and Mapstone, 1987). In this study, the number of deployments 339 of pelagic stereo-BRUVs per site was limited by the complexity of using two methods at once. 340
However, future studies using this technique could deploy more camera systems simultaneously, 341 which would rapidly boost replication without added field-time cost (Santana-Garcon, Newman & 342
Harvey 2014) and, in turn, it would rapidly enhance their sampling precision. 343
Stereo-BRUVs remove biases due to gear selectivity, such as hook size, that are an undesired by-344 product of conventional fishing methods (Cappo et al. 2003) . In the present study, longline surveys 345 were selective towards larger individuals of the family Carcharhinidae in comparison to pelagic 346 stereo-BRUVs. At the species level, size selectivity was only significant for C. plumbeus, but KDE 347 tests for other shark species might lack power to detect differences between methods due to the small 348 
